We have reported that the acute post-exercise increases in muscle protein synthesis rates, with differing 22 nutritional support, are predictive of longer-term training-induced muscle hypertrophy. Here, we aimed 23 to test whether the same was true with acute exercise-mediated changes in muscle protein synthesis. significant (P<0.01), with no difference between groups: 30%-3 = 6.8±1.8%, 80%-1 = 3.2±0.8%, and 32 80%-3= 7.2±1.9%, P=0.18. Isotonic maximal strength gains were not different between 80%-1 and 33 80%-3, but were greater than 30% -3 (P=0.04), whereas training-induced isometric strength gains were 34 significant but not different between conditions (P =0.92). Biopsies taken 1h following the initial 35 resistance exercise bout showed increased phosphorylation (P<0.05) of p70S6K only in the 80%-1 and 36 80%-3 conditions. There was no correlation between phosphorylation of any signalling protein and 37 hypertrophy. In accordance with our previous acute measurements of muscle protein synthetic rates a 38 lower load lifted to failure resulted in similar hypertrophy as a heavy load lifted to failure. 39 40
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Eighteen men (21±1 yr, 22.6±2.1 kg•m -2 means±SE) had their legs randomly assigned to two of three 25 training conditions that differed in contraction intensity (% of maximal strength [1RM]) or contraction 26 volume (1 or 3 sets of repetitions): 30%-3, 80%-1 and, 80%-3. Subjects trained each leg with their 27 assigned regime for a period of 10wk, 3 times/wk. We made pre-and post-training measures of 28 strength, muscle volume by magnetic resonance (MR) scans, as well as pre-and post-training biopsies 29 of the vastus lateralis, and a single post-exercise (1h) biopsy following the first bout of exercise, to 30 measure signalling proteins. Training-induced increases in MR-measured muscle volume were 31 significant (P<0.01), with no difference between groups: 30%-3 = 6.8±1.8%, 80%-1 = 3.2±0.8%, and 32 80%-3= 7.2±1.9%, P=0.18. Isotonic maximal strength gains were not different between 80%-1 and 33 80%-3, but were greater than 30% -3 (P=0.04), whereas training-induced isometric strength gains were 34 significant but not different between conditions (P =0.92). Biopsies taken 1h following the initial 35 resistance exercise bout showed increased phosphorylation (P<0.05) of p70S6K only in the 80%-1 and 36 80%-3 conditions. There was no correlation between phosphorylation of any signalling protein and 37 hypertrophy. In accordance with our previous acute measurements of muscle protein synthetic rates a 38 lower load lifted to failure resulted in similar hypertrophy as a heavy load lifted to failure. 39
Introduction 44
Heavier loading (usually expressed as percentage of a person's maximal strength or single repetition 45 maximum -1RM) is often recommended as the optimal way to maximize muscle hypertrophy with 46 resistance training (1) . However, there is very little empirical evidence to support this supposition and 47 it is unclear as to the physiological mechanisms by which heavier training loads would provide a 48 signal for greater muscle hypertrophy as compared to, for example, a lighter load lifted to the point of 49 fatigue; both conditions would result in a large amount of muscle fibers being recruited. As proof-of-50 principle, we recently tested this idea and demonstrated (9) that a single bout of resistance exercise 51 performed at 30% of1RM to the point of momentary muscle fatigue (failure), was equally as effective 52 in stimulating myofibrillar protein synthesis rates (MPS) as loads lifted at 90% of 1RM (also lifted to 53 fatigue). In addition, the 30%-1RM condition resulted in a more prolonged muscle protein synthetic 54 response with a greater elevation of myofibrillar protein synthesis rates than the 90% of 1RM 55 condition at 24h after exercise (9). We have proposed that the acute exercise-induced increases in 56 MPS that are further augmented with protein ingestion summate and lead to muscular hypertrophy 57 (27) . If such a thesis is valid then acute measures of protein synthesis would be, at least qualitatively if 58 not quantitatively, predictive of long-term gains in muscle protein. There is support for this concept as 59
we have shown that measures of acute post-exercise MPS, with differing nutritional support (44), are 60 qualitatively predictive of the training-induced phenotypic outcome (17) between young men 61 consuming milk or soy. Therefore our previous results (9) suggest that resistance training performed at 62 30% of 1RM to fatigue should result in muscle hypertrophy after chronic resistance training that, 63 based on its prolonged stimulation of myofibrillar protein synthesis, is at least equivalent or greater 64 than the degree of hypertrophy resulting from training with heavy loads. Support for this thesis exists 65 from previous training studies and from a number of studies using low loads with vascular occlusion 66
showing equivalent hypertrophy as that with high loads (36) (37) (38) . 67
Other than relative training load, another resistance training variable that is often considered 68 important is the volume of work preformed (1, 7, 25) . Since fatigue limits the number of repetitions 69 that can be completed in a set at a given load, varying the number of sets is a common way to adjust 70 training volume. There is currently disagreement concerning the benefit of additional sets for increases 71 in muscle hypertrophy (11, 29, 34) . We have generated acute protein synthesis data from young men 72
showing that 3 sets performed at 70% of 1RM to failure resulted in a greater and more prolonged 73 myofibrillar protein synthetic rate as compared to a single set condition (7). We speculate that if the 74 model of summative changes leading to hypertrophy (27) is correct, then our data (7) would mean a 75 greater hypertrophic response with 3 sets versus 1 set of resistance exercise. 76
We also wished to test the thesis that early post-exercise signalling responses, in particular that 77 of p70S6-kinase (p70S6K), would be related to hypertrophy as has been shown in humans (39) and 78 rodents (4). This is of interest since if the phosphorylation of one single protein is truly predictive of 79 hypertrophy and strength gains then it is certainly worthy of great attention as to its exact mechanistic 80 role in muscle hypertrophy. The overall purpose of the present study was to test whether the acute 81 results we had observed previously (7, 9) would be reflected with longer-term resistance training 82 adaptations. We employed acute measurements of protein signalling to evaluate the relevance of these 83 variables in predicting phenotype. 84 85
Methods 86
Subjects. Eighteen healthy young men (21 ± 0.8 years, 1.76 ± 0.04 m, 73.3 ± 1.4 kg; means ± SE) 87 volunteered to participate in the study after being informed of the procedures and potential risks 88 involved in the investigation. Subjects were recreationally active with no formal weight-lifting 89 experience or regular weight-lifting activity over the last year. Each leg was randomly assigned in counter-balanced fashion to one of three possible unilateral 94 training conditions: one set of knee extension performed to voluntary failure at 80% of 1RM (80%-1); 95 three sets of knee extension performed to the point of fatigue at 80% of 1RM (80%-3); or three sets 96 performed to the point of fatigue with 30% of 1RM (30%-3). Each participant trained both legs and 97 was therefore assigned to two of the three possible training conditions. Immediately after each training 98 session subjects consumed a source of high quality protein (PowerBar Protein Plus, 360 kcal, 3.5g 99 leucine 30g protein, 33g carbohydrate, 11g fat; Nestle Nutrition, Florham Park, NJ) in conjunction 100 with ~300ml of water to standardize the postexercise meal and maximize training adaptations. 101
Before and after the training program, whole muscle volume was measured using magnetic 102 resonance imaging (described below) and changes in muscle fiber area were determined by fiber 103 planimetry with myosin ATPase histochemistry (described below). Knee extension performance was 104 measured by 1RM, maximal voluntary isometric contraction (MVC), rate of isometric force 105 development (RFD) and peak power (described below). 106
Prior to the first training session, participants fasted overnight and consumed a standard liquid 107 meal (480 kcal, 20g protein, 82g carbohydrate, 8g fat) two hours prior to having resting bilateral 108 muscle biopsies taken from the vastus lateralis. Biopsies were performed with a Bergström needle that 109 was custom-modified for manual suction under local anaesthesia (2% xylocaine). Tissue from this 110 biopsy (~80mg) was used for myosin ATPase histochemistry and Western blotting analysis. PowerLab 3 data acquisition system (ADInstruments, Bella Vista, Australia) and the RFD was 160 calculated off-line by taking the first derivative with respect to time. The dynamometer was then set in 161 isotonic mode and subjects were instructed to move the load as quickly as possible. Three trials at 20, 162 30, 40 and 50% of MVC were completed in a random order and the highest instantaneous power 163 achieved in any of the trials was recorded as peak power. Subjects then completed a single set of knee 164 extension to muscle fatigue for each leg. The load used for this test was 30% of 1RM for legs assigned 165 to train with 80% of 1RM and 80% of 1RM for legs assigned to train with 30% of 1RM (to assess the 166 endurance of each subject at their non-trained load). The second visit required subjects to complete a 167 single set to fatigue using the percentage of 1RM which they would train with for the 10 week study. 168
Both the total number of repetitions completed and the total work (the product of repetitions and load) 169 completed were recorded for each test. 170
Muscle fiber cross-sectional area (CSA). Muscle fibers were oriented vertically by visual inspection 171 and embedded in optimal cutting temperature (OCT) medium. The mounted muscle was frozen in 172 isopentane cooled by liquid nitrogen and stored at −80°C until processing for cross-sectional area 173 analysis. Cross sections (10 μm thick) were cut, mounted on glass slides, and stained using a 174 myofibrillar ATPase histochemisty procedure that uses an acid preincubation pH of 4.6 to distinguish 175 type I and type II fibers as described previously (24, 33) . Pictures of the stained slides were taken using 176 a light microscope and NIS Elements 3.0 Imaging Software (Nikon, NY). An average of 55 fibers of 177 each type (type I and II) were outlined using Image J software (U. S. National Institutes of Health, 178
Bethesda, Maryland, USA) for each subject. 179
Statistics. Our mixed design did not permit us to make within subject comparisons; therefore, 180 between-condition differences (muscle hypertrophy, anabolic signaling, and performance) were tested 181 with a blocked two-factor (condition × time) analysis of variance with repeated measures on time, 182 where applicable. A Tukey's post hoc test was used to test for significant interactions. For all analyses 183 differences were considered significant at P<0.05. All results are presented as means ± SEM. 184
185

Results
186
Muscle Hypertrophy. Prior to training, quadriceps muscle volume was 39,775 ± 1,836, 40,328 ± 1,640 187 and 38,189 ± 1,483 cm 3 in the 30%-3, 80%-1 and 80%-3 groups, respectively (no differences between 188 conditions at baseline). After 10 weeks of training, the quadriceps muscle volume increased 189 significantly in all groups (P<0.001) to 42,198 ± 1,836, 41,567 ± 1,669 and 40,808 ± 1,410 cm 3 in the 190 30%-3, 80%-1 and 80%-3 groups, respectively. Figure 1 depicts these data expressed as percentage 191 change from baseline. Average type I and type II muscle fiber area increased with training (both 192 P<0.05), irrespective of training condition with no significant between group differences (Table 1) . 193
Western blots. Phosphorylation of Akt at Ser473 was not elevated in any of the conditions. 194
Phosphorylation at mTOR at Ser2448 was elevated above rest at 1 hour post exercise in all conditions 195 (P = 0.0002). p70S6K phosphorylation at Thr389 was elevated 1 hour post exercise in the 80%-1 and 196 80%-3 groups, but not 30%-3. There was no correlation between the degree of p70S6K 197 phosphorylation at Thr389 changes in muscle volume within any training condition (all P>0.3). Muscle Function. Initial unilateral knee extension 1RM was 71 ± 2 kg in the 30%-3 condition, 76 ± 2 203 kg in the 80%-1 condition, and 73 ± 2 kg in the 80%-1 condition. After the training period all 204 conditions significantly increased in 1RM strength. The increase in 1RM strength was greater in the 205 80%-1 and 80%-3 conditions compared to the 30%-3 condition (P=0.04; Figure 3 ). MVC force, knee 206 extension maximal power output and RFD increased in all conditions with no between condition 207 differences ( Table 1 ). The total work that could be completed with 30% of the subject's 1RM 208 increased with no between condition differences (Figure 4) . The total work that could be completed 209 with 80% of the subject's 1RM increased in all groups. The magnitude of the increase was 210 significantly less in the 30%-3 condition compared to the other conditions. The number of repetitions 211 that could be performed with 80% of their current 1RM increased in all groups from 30%-3: 10 ± 1, 212 80%-1: 10 ± 1, 80%-3: 11 ± 1 pre training to 30%-3: 12 ± 1, 80%-1: 13 ± 1, 80%-3: 12 ± 1 with no 213 between condition differences in the magnitude of the increase. The number of repetitions that could 214 be performed with 30% of 1RM increased in the 30%-3 condition the other conditions did not 215 increase. 216 217 Discussion 218
We have advocated a model of resistance exercise-induced human skeletal muscle hypertrophy that, 219 when supported by adequate nutrition, arises over time due to summed incremental acute increases in 220 muscle protein synthesis that occur after each training session (27, 28). Thus, as a proof-of-principle of 221 this model we tested here whether the acute changes we observed in two previous studies comparing 222 different volumes of work (1 set versus 3 sets of exercise) (7) and divergent intensities of work (high-223 load versus low-load lifting) (9) would be borne out in a long-term study. We discovered that there 224 was no difference in the magnitude of quadriceps muscle hypertrophy, as determined by both MRI and 225 muscle fiber area, between legs that trained at 30% or 80% of 1RM after ten weeks of knee-extensor 226 exercise. Interestingly, there was no statistical difference in the degree of quadriceps hypertrophy 227 between the 80%-1 and 80%-3 conditions, despite a mean gain in quadriceps volume of ~7% in the 228 80%-3 condition and only ~3% in the 80%-1 condition (p = 0.18). However, the 80%-3 and 30%-3 229 showed more than double the average hypertrophy of the 80%-1 condition. These results, while not 230 quantitatively congruent with our acute data (7, 9) , are, we propose, broadly supportive of the 231 framework we have proposed of how muscle hypertrophy arises (27, 28) . Moreover, our results are 232 actually congruent with a number of other lines of evidence showing that lifting lighter loads, so long 233 as fatigue is induced, lead to roughly equivalent hypertrophy and strength gains (23, (36) (37) (38) . There are 234 of course a number of factors, beyond acute changes in muscle protein synthesis, which contribute to 235 hypertrophy. In fact, when subjects are stratified as high and low responders 20-25% subjects exhibit a 236 very limited hypertrophic response where as the top 20-25% show robust muscle hypertrophy that is 237 four to five times greater than that seen in low responders (17, 26) . To date, factors such as changes in 238 microRNA expression, (12) satellite cell number, (26) and intramuscular anabolic signalling protein 239 activation (39) have been shown to be related to the variability in training response, but systemic 240 hormonal factors do not play a role (41) (42) (43) . 241
Perhaps the most interesting finding from our work is that hypertrophy in the 80%-3 and 30%-242 3 conditions was equivalent, which is in contrast to the range of lifting intensities usually prescribed to 243 promote muscle hypertrophy (1, 10) . However, the current recommendations (1, 10) ignore a large 244 body of evidence showing that lower loads, when combined, with vascular occlusion, promote 245 equivalent hypertrophy and strength gains as that observed with conventional heavy training (36) (37) (38) . 246
These results indicate that at least in principle lower load are effective at inducing muscle hypertrophy. 247
Moreover, most work which has investigated different relative resistance training loads has focused on 248 muscle function measurements such as 1RM and relative endurance (5, 6, 13, 35) . In one study by 249
Campos and colleagues, (10) eight weeks of training in a 20-28 repetition range did not elicit 250 hypertrophy despite increases in 1RM strength and the number of repetitions that could be completed 251 with 60% of 1RM (10). However, in a subsequent study in which the training methods employed 252 previously by Campos et al. (10) were replicated, equivalent hypertrophy was found in high and low 253 load training groups (23). It is often claimed (1, 10) that high relative training loads are necessary to 254 induce hypertrophy as they are associated with full muscle fiber recruitment and activation of the type 255 II fibers which are known to be more 'responsive' to hypertrophy (40). This statement is, however, 256 only accurate during a single effort (repetition) since Henneman's size principle of motor unit 257 activation states that motor units are recruited in an orderly fashion from smallest to largest with 258 increasing requirement for force generation (18, 19) . Thus, it is true that an isometric contraction 259 performed at 30% 1RM will recruit less muscle than a contraction preformed at 80% of 1RM (2). In 260 agreement, it has also been shown that non-fatiguing acute resistance exercise or chronic resistance 261 training results in lower rates of MPS (21) and hypertrophy (20) when compared to heavier resistance 262 exercise loads, respectively. However, when a sub-maximal contraction is sustained, motor units that 263
were initially recruited will fatigue (produce less force) or cease firing completely necessitating the 264 recruitment of additional motor units (15) to sustain force generation. In this way, as the repetitions at 265 lighter loads are repeated, the point of failure/fatigue ultimately necessitates near maximal motor unit 266 recruitment to sustain muscle tension (16). Thus, relatively lighter loads lifted to the point of failure 267 would result in a similar amount of muscle fiber activation as compared to heavier loads lifted to 268 failure (18, 31); however, we acknowledge it is difficult to experimentally verify this motor unit 269 recruitment strategy during voluntary dynamic contractions in humans. In the present study, the 270 average area of both type I and II fibers increased equally with heavy and light relative loads, which is 271 suggestive that both fiber types were recruited during training and to a roughly equivalent extent, at 272 least insofar as the phenotypic hypertrophy response is an indication of this. 273
The regulation of muscle mass is the result of small changes in net muscle protein balance over 274 time. MPS can be increased by resistance exercise alone however, adequate and properly timed protein 275 consumption is required for a positive net muscle protein balance and thus muscle hypertrophy (8). It 276 is not completely clear how resistance exercise results in increases in MPS as this process is 277 multifaceted. One potentially important step is the activation of p70S6K, which is a downstream 278 protein target of mTORC1 that when activated up regulates initiation of mRNA translation and 279 subsequently increases muscle protein synthesis rates (14). It has been reported that heavy resistance 280 exercise results in an increase in p70S6K phosphorylation (7, 9, 42); our data, at least in the 80%-1 281 and 80%-3 conditions, broadly agree with these findings. We did not observe an increase in p70S6K 282 phosphorylation in the 30%-3 condition at 1h post-exercise, but we have observed elevated 283 phosphorylation of p70S6K at 4h after exercise when subjects have completed the same protocol (9). 284
Taken together these results suggest that heavy and light relative loads lifted until the point of failure 285 may result in a different time course of anabolic signalling, with p70S6K phosphorylation occurring 286 later after exercise with light compared to heavy relative loads. Previously, a significant correlation 287 between early (1 h post-exercise) phosphorylation of p70S6K and muscle hypertrophy was observed 288 (39); our results, which include a larger sample size than the previous investigation, failed to support a 289 similar relationship ( Figure 2D) . 290
Although relative training load did not impact the magnitude of the hypertrophic response, it 291 did have a clear impact on voluntary isotonic strength gains. Both the 80%-1 and 80%-3 conditions 292 demonstrated a larger increase in 1RM strength compared to the 30%-3 group. These results suggest 293 that practice with a heavy relative load is necessary to maximize gains in 1RM strength of the trained 294 movement. These observations are in line with previous work which has shown that strength gains are 295 specific to the movement that is trained (30) and strength gains are due to a combination of muscle 296 hypertrophy and neural adaptations (32). It should be noted, however, that similar gains in MVC 297 strength, maximal instantaneous power output, and rate of force development were seen across all 298 three training conditions. These data show that hypertrophy is generally beneficial to all strength and 299 power tests that engage the larger muscle. However, it appears that neural adaptations are largely 300 specific to the movement and load used in training (32). 301
One potential limitation to the unilateral training model employed in this study is the cross 302 education effect where resistance training of one muscle can lead to neurally mediated strength gains 303 in the untrained contralateral muscle (22). The magnitude of the effect varies widely but averages ~7% 304 (22). However, to the author's knowledge there has been no attempt to quantify this effect when both 305 limbs are training will different protocols. We found no correlation between isotonic strength gains in 306 the left and right legs (r=.33, N.S), suggesting that the cross education effect is minimal or non-307 existent when both limbs are training with different protocols. 308
In summary, we report that similar resistance training-induced muscle hypertrophy can result 309 from lifting loads to failure with higher (80% of 1RM) and lower (30% of 1RM) loads than are 310 currently recommended for novice lifters (1) . The results from our study also suggest that additional 311 training volume in the form of more sets may result in greater muscle hypertrophy; however, due to 312 the inherent variability in the individual response to resistance training, it appears that longer-term 313 training studies may be required to manifest these differences more clearly. Importantly, these data 314 support the concept that acute increases in rates of MPS are reasonable qualitative indices of the 315 amount of muscle protein gain with similar training as they appear to be with nutrition. However 316 theses gains in muscle mass may be dependent in the adequate provision of amino acids (3). Finally, 317 despite that lack of support for the idea of a hypertrophy-specific load and repetition range, these data 318 confirm the specificity principal of training in regards to muscle strength and endurance. 319 
